After briefly reviewing ββ decay as a test of the neutrino mass, I examine the nuclear structure involved in this process. Simple formulas (à la Padé) are designed for the transition amplitudes and the general behavior of ββ decay amplitudes in the quasiparticle random phase approximation are discussed.
Introduction
The double beta (ββ) decay is a nice example of the interrelation between the Particle Physics and the Nuclear Physics: we can get information on the properties of the neutrino and the weak interaction from the ββ decay only if we know who to deal we the nuclear structure involved in the process. There are already several well-known reviews on the neutrino physics [1, 2] and therefore, after a brief historical overview, I will limit this talk to the nuclear facet of the problem. More precisely, some recent developments performed by our group will be summarized.
Because of the pairing force there are approximately 50 nuclear systems in which the odd-odd isobar, within the isobaric triplet (A, Z), (A, Z + 1), (A, Z + 2), has a higher mass than its neighbors. Within such a scenario the single β decay, is energetically forbidden and the initial nucleus can disintegrate only via the ββ decay. This is a second-order weak interaction process, similar to electromagnetic processes such as the atomic Raman scattering and the nuclear γγ decay [3] .
The modes by which ββ decay can take place are connected with the neutrino (ν) -antineutrino (ν) distinction. If ν andν are defined by the transitions:
ν + n −→ p + e − , the decay (A, Z) −→ (A, Z + 2) can occur by successive β decays:
(A, Z) −→ (A, Z + 1) + e − +ν −→ (A, Z + 2) + 2e
passing through the intermediate virtual states of the (A, Z + 1) nucleus.
Yet the neutrino is the only fermion in lacking a additionally conserved quantum number that differences between ν andν. Thus it is possible that the neutrino is a
Majorana particle, i.e., equal to its own antiparticle (à la π 0 ). 
is also allowed. In absence of the helicity suppression (as would be natural before the observation of parity violation) this neutrinoless (ββ 0ν ) mode is favoured by phase space over the two-neutrino (ββ 2ν ) mode by a factor of 10 7 − 10 9 : T 0ν ∼ (10 13 − 10 15 ) y while T 2ν ∼ (10 20 − 10 24 ) y. Several searches for the ββ decay has been made by the early 1950s with the result that T ∼ > 10 17 . This seemed to point thatν = ν and prompted the introduction of the lepton number L to distinguish ν fromν: L = +1 was attributed to e − and ν and L = −1 to e + andν. The assumption that the additive lepton number is conserved then allows the ββ 2ν decay but prohibits the ββ 0ν one, for which ∆L = 2.
But with the discovery in 1957 that the parity is not conserved for the weak interaction it was realized that the Majorana/Dirac character of the neutrino was still in question. If
then the second process in (3) is forbidden because the right handed neutrino has the wrong helicity to be reabsorbed. Therefore the γ 5 -invariance of the weak interaction could account for no ββ 0ν decay, regardless of the Dirac or Majorana nature of the neutrino. Otherwise, this decay can be observed only when the lepton number is not conserved and the neutrino is a massive Majorana particle. 2 This event discouraged experimental searches for a long time, but with the development of modern gauge theories the situation began to change. In fact, there are many reasons for the renaissance of interest in ββ-decay over the past decade. The most important one is that, if there is any new physics beyond the standard SU(2) L × U(1) gauge model of electroweak interactions, the ββ 0ν decay will play a crucial role in shaping the ultimate theory. Moreover, no solid theoretical principle precludes neutrinos from having mass and the most attractive extensions of the standard model require neutrinos to be massive. The theory is neither capable of predicting the scale of neutrino masses any better than it can fix the masses of quarks and charged leptons.
Since the half-lives can be cast in the simple form
(where G ′ s and M ′ s are, respectively, the phase space factors and nuclear matrix elements and < m ν > is the effective neutrino mass) it is clear then that we shall not understand the ββ 0ν decay unless we understand the ββ 2ν decay. The last is one of the slowest process observed so far in nature and offers a unique opportunity for testing the nuclear physics techniques for half-lives ∼ > 10 20 y. Thus, the comprehension of the ββ transition mechanism cannot but help advance knowledge of physics in general.
It is worth noting that more than 30 ββ decay experiments are underway or in stages of planning and construction. The ββ decays occur in medium-mass nuclei that are rather far from closed shells, and we all know that shell-model calculations are practical only when the number of valence nucleons is relatively small. Therefore, at the present time, the nuclear structure method most widely used is the quasiparticle random phase approximation (QRPA). Within this model the ββ-decay amplitudes are very sensitive to the interaction parameter in the particle-particle (PP) channel, usually denoted by g pp . It is still more interesting that, close to the expected value for g pp , the ββ matrix elements go to zero. But when a physical quantity has a zero (or near zero) a conservative law should, very likely, be at its origin. Thus, resorting to a toy model, I will first discuss the general behavior of the nuclear matrix elements [5, 6] . Later, I will show that they have zeros because of the restoration of the isospin and Wigner SU(4) symmetry [4, 7] . This is not surprising since the Fermi (F) and Gamow-Teller (GT) operators τ ± and στ ± , relevant in the ββ decay, are infinitesimal generators of SU (2) and SU (4),
respectively. Finally, we use the concept of restoration of these symmetries to fix the PP interaction strengths and to estimate the ββ matrix elements. It can be argued that, the SU(4) symmetry is badly broken in heavier nuclei and that therefore our recipe is quite arbitrary. I will show, yet, that the residual interaction is capable to overcome most of the SU(4) breaking caused by the spin-orbit splitting.
General behavior of M 2ν and M 0ν in the QRPA
Independently of the nucleus that decays, of the residual interaction that is used, and of the configuration space that is employed, the ββ-moments as a function of g pp always exhibit the following features:
(i) The 2ν moments have first a zero and latter on a pole at which the QRPA collapses.
(ii) The zeros and poles of M 0ν for the virtual states with spin and parity J π = 1 + are strongly correlated with the zeros and poles of M 2ν .
(iii) The total ββ 0ν moments also possess zeros but at significantly larger values of g pp .
The behaviour of the ββ moments for several nuclei are illustrated in Fig. 1 .
These results have been obtained with a δ force, using standard parametrization [7] .
Instead of the parameter g pp , I use here the ratio between the triplet and singlet coupling strengths in the PP channel, i.e., t = v pp t /v pp s . Calculations with finite range interactions yield similar results [2] .
I will resort now to the single mode model (SMM) description [5, 6] multiplied by the effective charges:
Here G(J + ) ≡ G(pn, pn; J + ) are the PP matrix elements (proportional to t (or to g pp )), ω 0 is the unperturbed energy, and ω J + are the perturbed energies. It will be assumed here that the isospin symmetry is strictly conserved, in which case (as it will be seen latter on)
When the pairing factors are estimated in the usual manner, one gets
for the single pair configurations [0f 7/2 (n)0f 7/2 (p)] J + in 48 Ca and
for [0g 7/2 (n)0g 9/2 (p)] J + in 100 Mo. Therefore, while the numerators in Eqs. (5) and (6) depend only on the PP matrix elements, their denominators depend on the particlehole (PH) matrix elements F (J + ) ≡ F (pn, pn; J + ), as well. The numbers in the last two equations arise from the pairing factors. As illustrated in Fig. 2 , the SMM is a fair first-order approximation for the ββ 2ν decays in 48 Ca and 100 Mo nuclei.
The role played by the ground state correlations (GSC) in building up Eqs. (5) and (6) can be summarized as follows:
(a) The numerator, i.e., the factor (1 + G/ω 0 ), comes from the interference between the forward and backward going contributions. These contribute coherently in the PP channel and totally out of phase in the PH channel.
(b) The G 2 and F 2 terms in the denominator are very strongly quenched by the GSC, while the GF term is enhanced by the same effect. In particular, for 48 Ca the term quadratic in G does not contribute at all.
It can be stated therefore that, within the SMM and because of the GSC, the M 2ν moments on the PP strength. Obviously, for the last approximation to be valid, the parameter t (or g pp ) has to be small enough to keep ω 1 + real. Briefly, the SMM can account for all four points raised above, and leads to the following approximations
and
where t 1 ≥ t 0 and t 2 ≫ t 1 , and the condition t ≤ t 1 is fulfilled. It is self evident that these formulae do not depend on the type of residual interaction, and that analogous expressions are obtained when the parameter g pp is used (with g pp 's for t's).
The common behavior of the ββ moments for all nuclei, together with the similarity between the SMM and the full calculations for 48 Ca and 100 Mo (shown in Figs. 1 and 2, respectively), suggests to go a step further and try to express the exact calculations within the framework of Eqs. (9) and (10) . At a first glance this seems a difficult task, because: (i) the SMM does not include the effect of the spin-orbit splitting, which plays a very important role in the ββ-decay through the dynamical breaking of the SU(4) symmetry, and (ii) the full calculations involve a rather large configuration space (of the order of 50 basis vectors).
The parameters t 0 , t 1 , and t 2 that fit the ββ moments displayed in Fig. 1 are listed in Table 2 , together with moments M 2ν , M 0ν (J π = 1 + ), and M 0ν (J + = 1 + )
for t = 0. The reliability of formulae (9) and (10) is surprising, to the extent that it is not possible to distinguish visually the exact curves from the fitted ones. It is worth noting that this situation persists even within the number projected QRPA [9] . Why the exact calculations can be accounted for by Eqs. (9) and (10)? I do not know a fully convinced answer. Yet, let me note that for a n dimensional configuration space, M 2ν can always be expressed by the ratio of the polynomials of degrees 2n − 1 and
Thus the above results seem to indicate that cancellations of the type (a) and (b) are likely to be operative to all orders, and that linear terms in G(1 + ) are again the dominant ones. General expressions for M 0ν , analogous to (11), are not known, but some cancellation must be taking place in these as well.
Restoration of the isospin and SU(4) symmetries
An important question in the QRPA calculations is, how to fix g pp or t? Several attempts have been made to calibrate g pp using the experimental data for individual GT positron decays. The weak point of this procedure is that the distribution of the β + strength among low-lying states in odd-odd nuclei is certainly affected by the charge-conserving vibrations, which are not included in the QRPA. For example, the single beta transitions 100 T c → 100 Mo and 100 T c → 100 Ru have been discussed recently in the standard QRPA [10] , where the 100 T c states are described as pure pn-quasiparticle excitations, while the suggested wave function for the ground state in 101 Mo is (cf. ref. [11] ) is only ≈ 35% of quasiparticle nature: We gauge t by resorting to the restoration of the Wigner SU(4) symmetry [4] .
Unlike the method mentioned above, this method involves the total GT strength, which dependent of the charge-conserving vibrations only very weakly. We are aware, however, that the SU(4) symmetry is badly broken in medium and heavy nuclei, and therefore before proceeding, it is necessary to specify what we mean by reconstruction of this symmetry.
For a system with N = Z, the isospin and spin-isospin symmetries are violated in the mean field approximation, even if the nuclear hamiltonian commutes with the corresponding excitation operators β ± (τ ∓ and στ ∓ ). But, we know that when a nondynamical violation occurs in the BCS-Hartree Fock (BCS-HF) solution, the QRPA induced GSC can be invoked to restore the symmetry. There are subtleties involved in the restoration mechanism: the GSC are not put in evidence explicitly, but only implicitly via their effects on the one-body moments β ± between the ground state and the excited states. Besides, for the F excitations and when the isospin non-conserving forces are absent, a self-consistent inclusion of the GSC leads to the following:
1) all the β − strength is concentrated in the collective state, and 2) the β + spectrum, which in QRPA can be viewed as an extension of the β − spectrum to negative energies, is totally quenched.
The self-consitency is only attained when the same S = 0, T = 1 interaction coupling strengths are used in the pairing and PP channels, i.e., when v Besides being spontaneously broken by the HF-BCS approximation, the SU (4) symmetry is also dynamically broken by the spin-orbit field and the supermultiplet destroying residual interactions. But, the last two effects have a tendency to cancel each other. In fact, within the TDA the energy differences between the GT and F resonances can be expressed as [12] 
where ∆ l s ≈ 20A −1/3 is the mean spin-orbit splitting and v 
which has the same mass and neutron excess dependence as (12) . Briefly, the experimental data show that the SU(4) symmetry destroyed by the mean field is partially restored by the residual interaction. 4 The GSC are likely to alter Eq. (12) very little. But, within the QRPA the στ + transition strength is strongly quenched and the GT resonance is somewhat narrowed, as compared with the TDA results. As such the global effect of the pn residual interaction on the GT strengths β ± (στ ∓ ) is qualitatively similar to the corresponding effect on the F strengths β ± (τ ∓ ), in the sense that the conditions 1) and 2) are approximately fulfilled, and we say that the SU(4) symmetry is partially restored. It seems reasonable then to assume that the maximal restoration is achieved for the value of t where the GT strength β + is minimum, and this is the way how we fix the parameter t.
Results for M ∈ν and < m ν >
From the results displayed in Table 3 , it can be said that with t = t sym the calculated M ∈ν moment for 48 Ca does not contradict the experimental limit and that the 2ν measurement in 82 Se is well accounted for by the theory. On the other hand, the calculated 2ν matrix elements turn out to be too small for 76 Ge and 100 Mo and too large for 128 T e and 130 T e (in both the cases by a factor of ≈ 3). Yet, one should bear in mind that: i) the calculated values of M ∈ν vary rather abruptly near t = t sym and therefore it is possible to account for the M ∈ν in all the cases with a comparatively small variation (< 10%) of t, and ii) the minimum value of the GT β + strength critically depends on the spin-orbit splitting over which we still do not have a complete control.
Besides the issue of the procedure adopted for fixing the particle-particle strength parameter within the QRPA, there are some additional problems in calculations of the matrix element M 2ν , as yet not fully understood. They are related with the type of force, choice of the single particle spectra, treatment of the difference between the initial and final nuclei, etc. All these things are to some extent uncertain and
therefore it is open to question whether it is possible, at present, to obtain a more reliable theoretical estimate for the 2ν half lives that the one reported here.
The upper limits for the effective neutrino mass < m ν >, obtained from the measured 0ν half-lives and the calculated matrix elements are shown in Table 4 , where also are presented the results obtained by other groups. The difference in a factor of about 2−3 between both: i) the results obtained by the Pasadena group and the groups of Tübingen and Heidelberg for 76 Ge and 82 Se nuclei, and ii) the previous and present calculations for 100 Mo, 128 T e and 130 T e nuclei, is just a reflection of the unavoidable uncertainty of the QRPA calculations, and it is difficult to assess which one is "better" and which is "worse". 
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